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Abstract
Understanding the reason for the observed accelerated expansion of the
Universe represents one of the fundamental open questions in physics.
In cosmology, a classification has emerged among physical models for
the acceleration, distinguishing between Dark Energy and Modified
Gravity. In this review, we give a brief overview of models in both
categories as well as their phenomenology and characteristic observable
signatures in cosmology. We also introduce a rigorous distinction be-
tween Dark Energy and Modified Gravity based on the strong and weak
equivalence principles.
1
ar
X
iv
:1
60
1.
06
13
3v
4 
 [a
str
o-
ph
.C
O]
  1
4 J
un
 20
16
Contents
1. INTRODUCTION .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2. OVERVIEW: DARK ENERGY AND MODIFIED GRAVITY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.1. Dark Energy (DE). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2. Modified Gravity (MG). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.3. Drawing a Boundary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3. COSMOLOGICAL PHENOMENOLOGY .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.1. Background Expansion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.2. Structure Formation with Quintessence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.3. Beyond Quintessence Dark Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.4. Structure Formation in Modified Gravity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
4. COSMOLOGICAL TESTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
4.1. Observables. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
4.2. Consistency Tests: Geometry and Growth. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.3. Parameterized Tests of Gravity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.4. Cosmic Degeneracies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
4.5. Targeted Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
5. OUTLOOK .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
1. INTRODUCTION
The accelerated expansion of the Universe, discovered in 1998 (1, 2), has raised fascinating
questions for cosmology and physics as a whole. Elucidating the physics behind the accel-
eration is one of the main science drivers for a major experimental effort using large-scale
structure (LSS) surveys. All current observations are consistent with a cosmological con-
stant (CC); while this is in some sense the most economical possibility, the CC has its own
theoretical and naturalness problems (3, 4), so it is worthwhile to consider alternatives. A
convenient classification scheme has emerged in the field of cosmology, separating different
physical scenarios of accelerating cosmologies into the categories of “Dark Energy” and
“Modified Gravity”. Essentially, Dark Energy models modify the stress-energy content of
the Universe, adding an additional component with equation of state w ' −1. That is, we
modify the right-hand side of the Einstein equations. The Modified Gravity category cor-
responds to modifying the left-hand side, i.e., General Relativity (GR) itself, for example
by modifying the Einstein–Hilbert action. This review intends to provide an overview of
these two categories, and describe the cosmological observables and tests that are able to
distinguish experimentally between these two scenarios of physics driving the acceleration.
As we will see, while there are models which unambiguously belong to one category or
the other, in reality there is a continuum of models between the two extremes of “pure” Dark
Energy and Modified Gravity such that a strict division into these two categories is to some
extent a matter of personal preference. In this review, we will base the distinction in theory
space upon the Strong Equivalence Principle (SEP). A compatible, slightly less rigorous,
but more practical observational distinction in cosmology is to call Modified Gravity those
models which feature a light universally coupled degree of freedom mediating a fifth force.
Throughout we restrict ourselves to observations on extragalactic scales, which trans-
lates to scales of order 1 Mpc and above. Further, we only consider scenarios for which
effects become relevant at late times. That is, we disregard the possible presence of such
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effects in the early Universe (often referred to as “early Dark Energy”).
We begin in Sec. 2 with an overview of the landscape of Dark Energy and Modified
Gravity models. Sec. 3 then describes the cosmological phenomelogy of these models. Sec. 4
provides a summary of the observables and experimental methods used in cosmology to test
Dark Energy and Modified Gravity. We conclude with an outlook in Sec. 5. Throughout,
we work in units where c = ~ = 1.
2. OVERVIEW: DARK ENERGY AND MODIFIED GRAVITY
In this section, we briefly review Dark Energy (DE) and Modified Gravity (MG) models
before turning to the tricky issue of drawing a boundary between these two paradigms.
We will not attempt to be comprehensive—there exist many excellent reviews on both
subjects, for example (5, 6)—but rather want to give a flavor of the types of models and
their phenomenology.
It is worth mentioning at the outset that the models we describe are not per se solutions
of the CC problem. Generally, it is still necessary to invoke some other physics or symmetry
principle to explain why the expected contribution to the CC from Standard Model fields
is absent. Despite lacking a complete solution of the CC problem, the general approaches
considered here are promising and represent reasonable possibilities for how physics in the
gravitational sector may behave.
2.1. Dark Energy (DE)
Perhaps the most natural direction to explore to explain the observed value of the CC is
to posit that the CC is itself a dynamical field, dubbed Dark Energy, which relaxes to its
present value through some mechanism (7–9). There are many possible incarnations of this
idea, what they share is the presence of a degree of freedom which develops a condensate
profile that drives the background cosmological evolution. The simplest one is to imagine
that the CC is a canonical scalar field with a potential1
S =
∫
d4x
√−g
(
M2PlR
2
− 1
2
(∂φ)2 − V (φ)
)
. (1)
We will refer to this model as quintessence (10).2 A homogeneous condensate of this field,
φ = φ(t), will behave as a perfect fluid, with equation of state, w = P/ρ, given by
w =
1
2
φ˙2 − V (φ)
1
2
φ˙2 + V (φ)
, (2)
where here and throughout, dots denote derivatives with respect to time. Observations
restrict w to be very close to −1 in the present universe (note that this need not be the
case for all times). This is equivalent to the requirement that the evolution of the field be
potential-dominated. In this sense, the present stage of cosmic acceleration in quintessence
models is similar to a period of very low scale inflation. It is also important to note that
the quintessence equation of state is generally time-dependent.
The phenomenology
of quintessence
models is rich;
however, their
qualitative behavior
can be separated
into two types (11):
models that are just
starting to deviate
from w ' −1
(thawing), and
models which are
approaching w ' −1
today (freezing).
1We define the reduced Planck mass as M2Pl = (8piG)
−1.
2In his influential review (3), Weinberg showed that models of quintessence necessarily have to
be tuned in order to make the CC small.
www.annualreviews.org • Dark Energy vs. Modified Gravity 3
An intriguing aspect of quintessence models is that a wide class of models exhibit “track-
ing” behavior (12–15), where the energy density in the field closely traces the energy den-
sity in dark matter until the near past, providing a possible explanation of the coincidence
problem—that is, why the current density of DE and dark matter are comparable. The
canonical example is the Ratra–Peebles potential (9)
V (φ) =
M4+n
φn
, (3)
with n > 0.
Another consideration to keep in mind with DE (and even to some extent MG) models
is to be sure that we are not secretly reintroducing a CC. As a simple example, a scalar
field with an exactly flat potential could plausibly be thought of as DE, but in this case we
should really absorb this constant potential into the bare CC in the lagrangian. Another
compelling possibility to consider is that DE and dark matter may be “unified” into a single
component. However, this turns out to be so fine-tuned that one effectively goes back to a
two-fluid model (16).
2.1.1. More general DE models. Even within the paradigm of the CC as a dynamical scalar
field, there is a plethora of different models, with varied phenomenology. Perhaps the most
obvious generalization away from Eq. (1) is to consider a non-canonical scalar field—one
which possesses derivative self-interactions. Concretely, these models may be written as
S =
∫
d4x
√−gΛ4K(X) , (4)
where we have defined X ≡ − 1
2Λ4
(∂φ)2 and K(X) is an arbitrary function. Models of
this type are often referred to as k-essence (17, 18). Similar to the canonical case, for
homogeneous field profiles, φ = φ(t), these models behave as a perfect fluid, though of a
more general type, where now the equation of state parameter w is given by
w =
K
2XK,X −K . (5)
By suitably choosing a functional form for K, it is possible to reproduce the cosmic expan-
sion history. Field perturbations away from the background evolution no longer propagate
luminally in k-essence models, but rather propagate with a speed of sound given by
c2s =
K,X
K,X + 2XK,XX
, (6)
this allows structure formation to be noticeably different with respect to canonical DE
models, as we discuss in Sec. 3.3.
DE models of the late-time acceleration are similar to inflation, and there has been an
effort to adapt the effective field theory of inflation formalism (19) to the problems of DE
and MG (20–24).
2.2. Modified Gravity (MG)
We begin by reviewing some commonly-studied infrared modifications of GR. These exam-
ples will allow us to draw some more general lessons: generic modifications of gravity lead
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Dark Energy vs. Modified Gravity:
In the text, we draw a distinction between Dark Energy and Modified Gravity by means of the strong
equivalence principle (SEP). We classify any theory which obeys the SEP as Dark Energy, and any theory
which violates it as Modified Gravity (see Sec. 2.3). Heuristically, the strong equivalence principle forbids
the presence of fifth forces.
to new physics on small scales (25). Indeed, all known modifications to Einstein gravity
introduce new degrees of freedom in the gravitational sector.3 These new particles mediate
a fifth force, so the theory must employ some screening mechanism in order to evade local
tests of gravity, which are very constraining.
2.2.1. Scalar-tensor theories. Scalar-tensor theories are probably the best-studied modifi-
cations to Einstein gravity. Restricting to canonical scalar fields for the moment, these
theories can be cast in Einstein frame as
S =
∫
d4x
√−g
(
M2PlR
2
− 1
2
(∂φ)2 − V (φ)
)
+ Smatter
[
A2(φ)gµν , ψ
]
. (7)
Here R is the Ricci scalar constructed from the metric gµν . Matter fields, ψ, couple to the
Jordan-frame metric g˜µν = A
2(φ)gµν . This coupling induces interactions between matter
fields and φ, causing test particles in the Newtonian regime to feel a force:
a = −∇
(
Φ + lnA(φ)
)
, (8)
sourced by both the Einstein-frame potential, Φ, and the scalar, φ.
The prototypical scalar-tensor theory is Brans–Dicke theory (26), corresponding to
V (φ) = 0 and A2(φ) = exp[−φ/(MPl
√
3/2 + ω)] in Eq. (7); the theory is most often
cast in Jordan frame, gµν 7→ g˜µν , where it takes the form
S =
M2Pl
2
∫
d4x
√
−g˜
(
φR˜− ω
φ
(∂φ)2
)
+ Smatter [g˜µν , ψ] , (9)
with ω a constant parameter. Solar System tests of gravity place the bound ω ∼> 4 × 104
(6, 27). This corresponds to taking the coupling to matter to be very weak, making the
Brans–Dicke theory essentially equivalent to a DE model.
In more general scalar-tensor theories—by suitably choosing V (φ) and A(φ)—it is pos-
sible to evade Solar System constraints, while still having interesting phenomenology for
the scalar. To see how this can work, we focus on the usual case where the scalar field φ
couples to the trace of the Jordan-frame stress tensor, T˜ = A−4T , where T is the trace of
the stress tensor in Einstein frame. If we consider non-relativistic sources, T = −ρ, and
define ρ¯ ≡ A−1ρ, the scalar obeys the equation of motion
φ = dVeff
dφ
Veff(φ) = V (φ) +A(φ)ρ¯ . (10)
3In this review, we focus on modified gravity applications to cosmic acceleration. There has also
been work to modify gravity to obviate the need for dark matter, but we will not discuss this.
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The key point is that φ responds to an effective potential, which depends on the exter-
nal matter sources. This makes it possible to engineer situations where the field behaves
differently in different environments.
The most well-known example is the chameleon field (28, 29), where the potential and
matter coupling are chosen so that the effective mass of the scalar field:
m2eff(φ) =
d2Veff
dφ2
=
d2V
dφ2
+
d2A
dφ2
ρ¯, (11)
increases in regions of high density, like the Solar System. A concrete example is the
Ratra–Peebles potential and a linear coupling (28, 29)
V (φ) =
M4+n
φn
A(φ) ' 1 + ξ φ
MPl
. (12)
Another popular scalar-tensor model with a screening mechanism is the symmetron
model (30), which can also be cast as Eq. (7), but with
V (φ) = −µ
2
2
φ2 +
λ
4
φ4 A(φ) ' 1 + φ
2
2M2
. (13)
In regions of low density, the Z2 symmetry of the model is spontaneously broken and φ
mediates a fifth force; in regions of high density, the symmetry is restored and the additional
force turns off. More precisely, in both the chameleon and symmetron a screened field
is sourced only by a thin shell near the surface of a dense object. Whether or not the
screening operates depends on the Newtonian potential of the object exceeding a certain
threshold (29, 30) (see Sec. 2.2.4).
One of the most-studied scalar-tensor theories is so-called f(R) gravity, which on the
face of it is not a scalar-tensor theory at all. This model consists of higher-curvature
corrections to the Einstein–Hilbert action
S =
M2Pl
2
∫
d4x
√−g
(
R+ f(R)
)
+ Smatter[gµν , ψ], (14)
where f(R) is a function only of the Ricci scalar, chosen to become significant in the low-
curvature regime R → 0. In (31–33), f(R) models were used to drive cosmic acceleration.
However, it was shown in (34), that these original models are actually in conflict with
precision tests of gravity. This is essentially because these models are scalar-tensor theories
in disguise (35, 36), which can be seen by performing a field redefinition and conformal
transformation (see e.g., (37) for details), to cast the theory as in Eq. (7) with
V (φ) =
MPl
2
(φf,φ − f)
(1 + f,φ)
2 A(φ) = e
φ√
6MPl , (15)
which is equivalent to the Brans–Dicke theory Eq. (9) with ω = 0 and a potential.
In (38, 39), f(R) models compatible with local tests of gravity were constructed, for
example in (38) f(R) is given by
f(R) = −m2 c1
(
R
m2
)n
c2
(
R
m2
)n
+ 1
≈ ρΛ,eff + fR0
(
R
R¯0
)−n
, (16)
where the second form is the leading expression for R/m2  1 which is required by cos-
mological and local tests (Sec. 4). The parameters c1, c2 can be adjusted so that ρΛ,eff
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supplies a CC consistent with observations, leaving fR0 as a free parameter. R¯0 is the
background Ricci scalar today, so that fR0 corresponds to the field value in the background
today. In the scalar-tensor language, the model is consistent with experiment because of
the chameleon mechanism. f(R) gravity has been explored in a variety of contexts, and we
refer the reader to (40) for more of the specifics.
2.2.2. More general scalar-tensor theories: Horndeski and generalizations. The space of
scalar-tensor theories is far broader than the example we have presented in Eq. (7). In fact,
in recent years, there has been an effort to map out the most general consistent theory of
a metric interacting with a scalar. In this context, consistency requires that the theory be
absent of ghosts. Typically, theories which have equations of motion which are higher than
second order in time derivatives have a ghost.4 Therefore, much of the interest has focused
on theories which have second-order equations of motion.
In (42) the most general theory of a scalar field interacting with a metric which has
second-order equations of motion was derived, corresponding to the lagrangian
A ghost is a
quantum with either
negative energy
density or negative
norm. The existence
of propagating
ghosts in a theory
poses problems for
its quantization. In
particular, the
vacuum is unstable
to decay into ghosts
and healthy
particles (43, 44).
Lgen.gal. = K(φ,X)−G3(φ,X)φ+G4(φ,X)R
+G4,X(φ,X)
[
(φ)2 − (∇µ∇νφ)2
]
+G5(φ,X)Gµν∇µ∇νφ (17)
− 1
6
G5,X(φ,X)
[
(φ)3 − 3(φ)(∇µ∇ν)2 + 2∇µ∇αφ∇α∇βφ∇β∇µφ
]
.
This theory has four arbitrary functions, K,G3, G4, G5; and X is defined as in Eq. (4).
Interestingly, an equivalent theory had been derived much earlier by Horndeski (45, 46),
but had gone essentially unnoticed in the literature.
A particularly well-studied limit of this theory is the so-called galileon (47); the simplest
version of this theory—the cubic galileon—is a special case of Eq. (17),
Lgal. = M
2
PlR
2
− 1
2
(∂φ)2 − 1
Λ3
φ(∂φ)2. (18)
In the limit where gravity is taken to be non-dynamical, this theory has the symmetry
δφ = c + bµx
µ. In general dimensions, there are only a finite number of terms invariant
under this symmetry, which also have second-order equations of motion. The galileon
appears in many constructions; in particular it describes the decoupling limits of both
massive gravity (48) and of the Dvali–Gabadadze–Porrati (DGP) model (49, 50). For a
review of many interesting properties of the galileon, see (51).
Recently, an effort has been made to relax the assumption of second-order equations of
motion in order to construct the most general scalar-tensor type theory which propagates
three degrees of freedom nonlinearly. In these theories, the expected ghostly degrees of
freedom from higher-order equations of motion are projected out by constraints (see (52)
and references therein).
2.2.3. Massive gravity and braneworlds. Einstein gravity is the theory of a massless spin-2
particle. A natural question to ask is whether it is possible for the graviton to be a massive
particle. The intuition behind this explanation for cosmic acceleration is that massive fields
4This is the content of Ostrogradsky’s theorem (41).
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induce potentials of the Yukawa-type
V (r) ∼ e
−mr
r
, (19)
which shut off at distances of order m−1. The idea is that the presently-observed cosmic
acceleration could be due to a weakening of gravity at large scales, with m ∼ H0.
Massive gravity has been studied since the initial investigations of Fierz and Pauli (53),
but much of the modern interest is due to the construction by de Rham-Gabadadze-Tolley
of a ghost-free theory (48, 54) (building on (55, 56)), which showed how to overcome the
traditional difficulties associated with nonlinearly completing the Fierz–Pauli theory. In
particular, generic nonlinear theories propagate a ghost in addition to the graviton degrees
of freedom (57). The absence of this Boulware–Deser ghost in the dRGT theory was shown
in (58). Recovery of GR in the massless limit relies on the Vainshtein mechanism (Sec. 2.2.4).
For reviews of the theoretical background and recent developments, see (59, 60).
Another avenue to massive gravity is as a resonance (as opposed to the hard mass
above). This idea has been very influential in cosmology; the most studied example being
the DGP model (49). The set-up consists of a 4-dimensional brane (on which matter fields
live) embedded in an infinitely large 5-dimensional bulk spacetime. The model consists of
dynamical gravity both on the brane and in the bulk:
S =
M35
2
∫
d5X
√−GR+ M
3
4
2
∫
d4x
√−gR, (20)
with M5,M4 the 5d and 4d Planck masses, G,R the 5d metric and Ricci scalar, and g,R
the 4d metric and Ricci scalar. From the perspective of an observer living on the brane,
gravity is mediated by a continuum of gravitons, and at short distances, gravity appears
4-dimensional, but at large distances, the gravitational potential “leaks” off the brane and
is that of a 5-dimensional theory. The potential due to a mass M source behaves as (59, 61)
V (r) '

M
M24 r
r  rc
M
M24 r
rc
r
r  rc
, (21)
where rc = M
2
4 /2M
3
5 . We therefore see that the potential is weaker at large distances than
it would be in pure GR. This weakening allows for de Sitter solutions on the brane absent
of a bare CC (61, 62). Unfortunately, this self-accelerating branch of solutions is unstable—
perturbations are ghostly (50, 63). Nevertheless, the DGP model remains quite interesting
as a benchmark model; it is one of the better-studied MG models in the literature. For a
review of DGP, see (64).
Interestingly, a massive graviton could address the CC problem by means of degrav-
itation (65, 66): a large CC does not gravitate because a massive graviton behaves as a
high-pass filter (67). However, a realistic degravitating solution has not yet been found in
either dRGT or braneworld.
2.2.4. Screening mechanisms. In all of the models we have discussed, new degrees of free-
dom appear in the gravitational sector. This is in fact a general feature: GR is the unique
low-energy theory of a massless spin-2 particle (68, 69), so essentially any departure from GR
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introduces new degrees of freedom, typically with a mass of order Hubble today m ∼ H0.
Since they couple to the Standard Model, these light fields mediate a long range force
between matter sources.
The presence of additional forces is strongly constrained by laboratory and Solar System
tests (27). Therefore, the additional degrees of freedom must hide themselves locally. The
screening mechanisms by which this is achieved fall into several broad classes, activating
in regions where the Newtonian potential ΦN or successive gradients become large. ΦN is
defined as the potential which solves the Poisson equation, Eq. (26). For concreteness, we
assume that the additional degree of freedom is a scalar in the following discussion, but the
general philosophy is much broader. For a more complete discussion, see (37).
These classes of models are described as follows.
• Screening at large field values: The first type of screening we will consider acti-
vates in regions where the Newtonian potential exceeds some threshold value, ΦN > Λ.
Generally this leads to the additional degree of freedom itself developing a large vac-
uum expectation value—which causes the coupling to matter to weaken, the mass of
the field to increase, or the self-coupling of the field to become large—leading to a
diminishing of the force mediated. Notable examples are the chameleon (28, 29), sym-
metron (30, 70, 71) and dilaton (72, 73). From a phenomenological viewpoint, these
mechanisms activate in regions of large potential, ΦN, so regions of small Newtonian
potential should exhibit the largest deviations from GR.
On subhorizon scales
in cosmology, and
within the Compton
wavelength of the
field, φ, and the
Newtonian potential,
ΦN, are proportional
in the absence of
screening, as may be
deduced using the
scalar EOM and the
Poisson equation.
• Screening with first derivatives: This mechanism turns on when the local gravi-
tational acceleration exceeds some critical value: ∇ΦN > Λ2. This condition roughly
corresponds to first gradients of the scalar field becoming large; screening occurs due
to kinetic self-interactions: ∂φ/Λ2  1. General P (X) models can display this kind
of screening (74), with a broad class going by the name k-mouflage (75). Since these
models screen in regions of large acceleration, it is intriguing to imagine that they
could be relevant for reproducing the phenomenological successes of MOND (76) in
a more complete framework (77, 78).
• Screening with second derivatives: The last category of screening mechanisms we
discuss is those which become active in regions of large curvature: ∇2ΦN > Λ3, which
is equivalent to high density. These mechanisms rely on nonlinearities in the second
derivatives: φ/Λ3  1. The most commonly-studied example in this class is the
Vainshtein mechanism (79), which operates in the galileon and in massive gravity. In
these models, the largest deviations from GR are expected in low curvature regimes.
Additionally, there is evidence that Vainshtein screening is less efficient than naive
estimates in time-dependent scenarios (80, 81), making this a promising avenue to
search for deviations from GR.
2.3. Drawing a Boundary
In order to meaningfully discuss observationally discriminating between MG and DE, we
must draw a distinction between the two scenarios. This is a somewhat aesthetic choice,
but nonetheless helps us to organize our thinking about exploring and testing the various
possibilities.
The distinction we make relies essentially upon the motion of bodies in the theory. To
begin with, we recall the weak equivalence principle (WEP). The WEP is the statement
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that there exists some (usually Jordan-frame) metric to which all matter species couple
universally. Then, test bodies—regardless of their composition—fall along geodesics of this
metric. This is usually stated as the equivalence of inertial and gravitational mass. In this
review, we focus on theories which satisfy the WEP at the level of the action.
Test bodies are
objects which are
sufficiently small
that we may neglect
gravitational tidal
forces in deriving
their motion. A
more precise
definition can be
found in (82).
To distinguish DE vs. MG, we further invoke the strong equivalence principle (SEP).
The SEP extends the universality of free fall to massive bodies, i.e. to be completely
independent of a body’s composition, including gravitational binding energy, so compact
objects like black holes also follow geodesics (83). We call anything which obeys the SEP
DE, and anything which does not, MG. The motivation for this definition is to classify
models which influence ordinary matter only gravitationally as DE. In these models, the
force felt between two bodies is only that of GR (and possibly other Standard Model forces).
However, in models of MG, bodies may carry additional charges (e.g., scalar charge) which
leads to them experiencing an additional force beyond that of gravity. The appeal to
the SEP is an attempt to make this intuition precise. A theoretical motivation for this
distinction based upon the SEP is that it is believed—though not proven—that GR is the
only metric theory which obeys the SEP (27, 83).
The preceding discussion is somewhat abstract, so it is useful to illustrate the main
points with scalar-tensor theory. We again consider the action Eq. (7), but allow for each
matter species to have a different coupling to φ,
S =
∫
d4x
√−g
(
M2Pl
2
R− 1
2
(∂φ)2 − V (φ)
)
+ Smatter
[
A2i (φ)gµν , ψi
]
. (22)
Here, the notation A2i (φ) captures the fact that the individual matter fields, ψi, do not
necessarily all couple to the same Jordan-frame metric. The first restriction we make is
to demand that the model obey the WEP,5 this restricts the couplings to be the same,
A2i (φ) ≡ A2(φ). Models with A2(φ) = 1 satisfy the SEP, and hence are models of DE. In
these models, the scalar field, φ, affects the motion of matter only through its gravitational
influence, it is a decoupled source of stress energy. Cases where A2(φ) is some nontrivial
function are models of MG. In MG models, the force mediated by φ does not affect all
objects universally. As an extreme example, consider the motion of some diffuse object
compared to that of a black hole. Due to the no-hair theorem (85), black holes carry no
scalar charge and therefore feel no fifth force from φ. However, a more diffuse object like a
star or planet will feel such a fifth force, leading to a large violation of the SEP.
It is worth mentioning that although the theories we consider satisfy the WEP at the
microscopic level (all matter couples to the same metric), it is nevertheless possible to have
apparent violations of the WEP for macroscopic objects (86, 87). This occurs in theories
with screening mechanisms; whether or not the mechanisms operate depends mainly upon
the masses of the objects involved, and therefore large mass objects can fall at a different rate
than light objects. This is essentially because there is not necessarily a trivial relationship
between the scalar charge carried by objects and their gravitational potential, as there is in
scalar-tensor theories without screening mechanisms, which generally only exhibit violations
of the equivalence principle when ΦN is large (86).
Though the distinction based upon the SEP is theoretically clean and satisfying, in
5Interactions in the dark sector, i.e., a coupling between dark matter and DE, are a further sce-
nario to consider. Since DE cannot strongly interact with visible matter, this approach violates the
WEP. We will not consider this possibility in depth, but see (84) for a review of the phenomenology.
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practice it is not very useful phenomenologically. A more pragmatic distinction (relevant
for the tests we will discuss) is to call anything which has a fifth force MG, and anything
else DE. Note that this phenomenological distinction suffers from the drawback that at this
level it is somewhat difficult to draw a clear boundary between MG and DE (88).
A flowchart
explanation of the
distinctions made in
the text:
3. COSMOLOGICAL PHENOMENOLOGY
In order to describe the phenomonelogy of DE and MG models, it is convenient to first
consider the unperturbed universe, described by the scale factor a(t), before turning to
the equations governing the evolution of cosmological perturbations. As we will see, the
phenomenology of the latter is much richer, and more likely to yield insights distinguishing
MG and DE.
3.1. Background Expansion
In GR, applying the Einstein equations to the Friedmann-Robertson-Walker (FRW) metric
yields the Friedmann equations,
H2 =
1
3M2Pl
∑
i
ρi =
1
3M2Pl
[ρm + ρDE]
H˙ +H2 = − 2
3M2Pl
∑
i
[ρ¯i + 3p¯i] = − 2
3M2Pl
[ρm + (1 + 3w)ρDE] , (23)
where we have specialized to the case of a spatially flat universe and two stress-energy
components, non-relativistic matter (dominated by cold dark matter, CDM) and DE with
equation of state w(t), which is the relevant case in the late Universe.
MG models lead to correspondingly modified Friedmann equations when applied to a
homogeneous cosmology. As an example, consider the DGP model (Sec. 2.2.3), where the
first Friedmann equation is modified to
H2 ± H
rc
=
1
3M2Pl
ρm , (24)
in the absence of DE. The negative sign corresponds to the self-accelerating branch, which
admits a de Sitter solutionH = const. at late times. However, this expansion history is easily
mimicked in GR by a suitably chosen quintessence potential that yields ρDE(t)/3M
2
Pl =
H(t)/rc. This clearly illustrates that, while constraints on the background expansion are
crucial in order to interpret large-scale structure observables, they do not suffice to cleanly
distinguish between MG and DE.
3.2. Structure Formation with Quintessence
We now turn to the growth of structure in the context of a quintessence DE model, i.e.,
a canonical light scalar field with effective sound speed of one. The CC, i.e., the ΛCDM
standard paradigm of cosmology, is included here as a limiting case. Current constraints
already imply that for z∼< 1, the equation of state has to be close to −1. In these simplest
DE models, density and pressure perturbations of the DE component are of order (1 +
w)Φ, where typical cosmological potential perturbations are of order Φ ∼ 10−4. Further,
anisotropic stress is negligible in these models. Thus, DE perturbations have a very small
effect on LSS.
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We will continue to assume a spatially flat background and work in the conformal-
Newtonian gauge, so that the metric is given by
ds2 = −(1 + 2Ψ)dt2 + 2a(t)Bidtdxi + a2(t) [(1− 2Φ)δij + γij ] dxidxj . (25)
Assuming that the scalar potential perturbations Ψ, Φ are much smaller than 1, we can work
to linear order in them. This is accurate almost everywhere in the universe. The potential
Ψ governs the dynamics of non-relativistic objects, while the combination Φγ ≡ (Φ + Ψ)/2
determines the null geodesics, i.e., light propagation. One way to see this is to note that
null geodesics are conformally invariant. Then, consider a conformal transformation gµν 7→
e2ωgµν . At linear order, this corresponds to {Ψ,Φ} 7→ {Ψ + ω,Φ − ω}, so that Φγ is the
unique linear combination of potentials that is conformally invariant.
In Eq. (25), Bi is a transverse vector capturing the vector modes, while γij is a
transverse-tracefree tensor corresponding to gravitational waves (tensor modes). We will
neglect the vector modes throughout, as they decay and do not propagate. We will briefly
consider tensor modes in Sec. 3.4.3.
The majority of
large-scale structure
measurements are on
subhorizon scales
k aH. In this
limit, time
derivatives, which
are of order H such
that Φ˙ ∼ HΦ, can
be neglected
compared to spatial
derivatives.
In GR, the difference between the potentials Φ−Ψ is sourced by the anisotropic stress,
i.e., the trace-free part of Tij . In the models considered in this section, this is negligible
so we can set Φ = Ψ (see Sec. 3.3 for generalizations). On subhorizon scales k  aH, the
00-component of the Einstein equations reduces to the Poisson equation,
∇2Φ = 4piGρm a2 δ , or ∇2Φ =
3
2
Ωm(a) (aH)
2δ , (26)
where δ = ρ/ρm − 1 is the fractional matter overdensity, and Ωm(a) = ρm(a)/3H2M2Pl.
For later reference, we define the solution to Eq. (26) as Newtonian potential ΦN. The
continuity and Euler equations for the collisionless DM fluid are
δ˙ +
1
a
∂k
[
(1 + δ)vk
]
= 0
v˙i +Hvi +
1
a
vk∂kv
i = − 1
a
∂iΨ , (27)
where v = adx/dt is the fluid peculiar velocity. On large scales, for Fourier modes
k∼< 0.05hMpc−1, both the density perturbation δ and the peculiar velocities |v| are much
less than one, and we can linearize these equations. They can then be combined to yield
the linear growth equation
δ¨(k, t) + 2Hδ˙(k, t) = −k
2
a2
Ψ(k, t) =
3
2
Ωm(a)H
2δ(k, t) , (28)
while the velocities obey v = −iak/k2δ˙. Thus, individual Fourier modes of the density
field evolve independently and at the same rate on all scales. Furthermore, the evolution of
density and velocity (given initial conditions) are completely controlled by the expansion
history H(t) of the universe. Thus, quintessence predicts a definite relation between the
observed expansion history and growth of structure, allowing for consistency tests (see
Sec. 4.2).
Generally, for fixed initial conditions and an approximately constant equation of state
w, the amount of late-time structure monotonically decreases with increasing w (see the
curves for cs = 1 in Fig. 1), as the accelerated expansion sets in earlier for less negative w.
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The same conclusions remain valid when considering the full Euler-Poisson system
Eqs. (26)–(27), and, indeed the exact Vlasov (collisionless Boltzmann) equation for dark
matter: the only impact of quintessence DE is through the background expansion history.
The nonlinear regime of LSS is frequently described by the halo model reviewed in
(89). This is motivated by the fact that a significant fraction of the dark matter resides
in self-gravitating collapsed structures called halos. Moreover, the majority of observed
LSS tracers, such as galaxies and clusters, are found in these halos. In contrast to the
complicated processes governing galaxy formation, collisionless N-body simulations are able
to accurately predict abundance and clustering of halos.
The mass function of halos, that is, their number density in a logarithmic mass interval,
is described to within ∼ 5% (in the context of ΛCDM (90)) by the universal form
dn(M, z)
d lnM
=
ρm
M
f(ν)
∣∣∣∣d lnσ(M, z)d lnM
∣∣∣∣ , ν ≡ δc(M)σ(M) , (29)
where σ(M, z) is the variance of the linear density field at redshift z when smoothed with
a tophat filter of radius R(M) which contains the mass M at the background density ρm,
while f(ν) is in general a free function. δc is the initial overdensity of a spherical tophat
overdensity which collapses (reaches radius Rth = 0) at given redshift z, extrapolated from
the initial time to redshift z through linear growth. For quintessence DE, the tophat radius
obeys (e.g., (91))
R¨th
Rth
= −4piG
3
[ρm + (1 + 3w)ρDE]−
4piG
3
δρm , (30)
where δρm = ρm(< Rth) − ρm is the overdensity in the interior of the tophat. Eq. (29)
is inspired by the excursion set approach (92), and the well-known Press–Schechter mass
function (93) is a special case. Massive halos correspond to small variances σ(M) and hence
to large ν. In the high-ν limit, f(ν) asymptotes to exp(−qν2), q = O(1), corresponding to
exponentially rare high-mass halos. The abundance of halos depends on the growth history
both through σ(M) and δc, although the dependence of δc on cosmology is quite weak.
The large-scale distribution of halos, described statistically by their N -point functions,
can also be derived in this picture. The most important statistic on large scales is the two-
point function or power spectrum, P (k). On scales where linear perturbation theory applies,
the halo two-point function is related to that of matter by Ph(k, z) = b
2
1(z)Pm(k, z) + C,
where C is a constant corresponding to white noise, and the linear bias parameter b1
can be derived from the halo mass function Eq. (29). b1 describes the response of the
abundance of halos to a long-wavelength density perturbation δl, or equivalently a change
in the background density ρm 7→ ρm(1 + δl). This corresponds to lowering the threshold
δc 7→ δc − δl, so that the linear halo bias becomes (94)
b1(M, z) =
ρm
n(M, z)
∂n(M, z)
∂ρm
= − 1
σ(M)f(ν)
df(ν)
dν
. (31)
Finally, assuming a universal density profile for halos ρ(r|M, z), for example the NFW profile
(95) ρ(r|M, z) ∝ [r(1 + r/rs)2]−1, the halo model provides a description of the statistics of
the matter density field on nonlinear scales.
3.3. Beyond Quintessence Dark Energy
We now consider three relevant generalizations of the quintessence DE case considered in
the previous section: small speed of sound cs = (δp/δρ)
1/2  1, anisotropic stress, and an
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Figure 1
Linear matter power spectrum in quintessence DE with different values of equation of state w and
sound speed cs. For the values of w shown, clustering DE with vanishing sound speed modifies the
matter power spectrum by a few percent. This can be probed by weak lensing measurements of
the CMB and galaxies (Sec. 4.1.1–4.1.2). Reproduced from (96).
interacting dark sector.
DE density perturbations are negligible on scales that are much smaller than the sound
horizon of the DE, Rs,DE ' csH−1 in physical units. Let us now consider the opposite
case, i.e., what happens on scales much greater than Rs,DE. On those scales, the pressure
perturbations of the DE component are negligible compared to its density perturbations.
This means that the DE fluid moves on the same trajectories (geodesics) as the pressureless
CDM component. Hence, density perturbations grow on small scales in both components,
although the DE perturbations are suppressed by 1+w (on intermediate scales csk/aH ∼ 1,
DE pressure perturbations need to be taken into account). Specifically, the Euler–Poisson
system is augmented by the continuity equation for the DE component and becomes
δ˙DE − 3Hw δDE + 1
a
∂k
[
(1 + w + δ)vk
]
= 0 ; ∇2Φ = 4piG(ρmδ + ρDEδDE) .
It is also possible to extend the spherical collapse Eq. (30) to this case (96):
R¨th
Rth
= − 4piG
3
[ρm + (1 + 3w)ρDE]−
4piG
3
(δρ+ δρDE) ; (32)
ρ˙DE(< Rth) = − 3 R˙th
Rth
[ρDE(< Rth) + wρDE] . (33)
Again we see that if 1 + w  1, then initially small perturbations in the DE density will
stay small. Fig. 1 illustrates the effects of cs = 0 DE for the linear matter power spectrum.
For w = −0.9, the effect on the matter power spectrum is of order 1% at z = 0 (and smaller
at higher redshifts). The halo abundance on the other hand, calculated using Eq. (29) with
the modified σ(M) and δc, is larger by 5-10% at the very high mass end for cs = 0 as
compared to cs = 1 (96). As noted by (97), the quantitative effect of small DE sound speed
can be increased if there is a significant “early DE” component.
We now turn to the case of a DE component with scalar anisotropic stress ΠDEij ≡
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TDEij − δijTDEkl δkl/3. ΠDEij sources a difference between the two metric potentials following
[
∂i∂j − 1
3
δij∇2
]
(Φ−Ψ) = 8piGa2 ΠDEij . (34)
The fact that Φ 6= Ψ is relevant to the cause of distinguishing between MG and DE, since
the difference between Φ and Ψ is otherwise a distinctive feature of MG (see the following
section). DE models that involve a single scalar field do not lead to anisotropic stress, while
models involving vector fields do in general (98, 99). Ref. (100, 101) investigated the impact
on structure formation of DE with anisotropic stress based on the effective parameterization
of (102) via a viscous parameter cvis. They show that the effect of DE anisotropic stress
observable via Φ−Ψ is only significant for horizon-scale perturbations. On the other hand,
MG generally leads to a significant Φ−Ψ on all scales, so that one can still hope to effectively
distinguish between MG and DE via this probe.
Finally, one can also couple the DE component to the non-baryonic components, such as
CDM or neutrinos (103, 104). Following our distinction in Sec. 2.3, these are not modified
gravity models, since the fifth force does not obey the WEP. The absence of coupling to
baryons and radiation lets these models evade local tests, and hence the effects on the large-
scale structure can become quite significant (105). Interestingly, a generic signature of this
model is a different clustering amplitude (bias) of baryons relative to the dark matter on
large scales, which can be used to place constraints on this type of model.
3.4. Structure Formation in Modified Gravity
In this section, we briefly review the rich phenomenology of structure growth in MG, sepa-
rately for the linear and nonlinear regimes.
3.4.1. Scalar perturbations on linear scales. We begin with structure formation in MG
theories on sufficiently large scales, where linear perturbation theory applies, and assume
that stress-energy perturbations are only due to a CDM component. It is convenient to
work in Fourier space, where individual modes evolve independently at linear order. Then,
given that the spacetime is described by two potentials Φ(k, t), Ψ(k, t), while the matter
sector is characterized completely by δ(k, t) (the velocity is determined via the continuity
equation), any theory of gravity can be described in this regime by two free functions of k
and t which parameterize the relation between the three fields Φ, Ψ, δ.
On superhorizon scales k  aH and for adiabatic perturbations, further constraints are
posed by diffeomorphism invariance (106–108). Specifically, a superhorizon adiabatic mode
behaves like a separate, curved universe, so that its evolution is constrained by the solution
to the background expansion in the given theory. Ref. (106) derived
Φ¨− H¨
H˙
Φ˙ +HΨ˙ +
(
2
H˙
H
− H¨
H˙
)
HΨ = 0 , (35)
which, given one function of time specifying the relation between Φ and Ψ for k  aH,
determines the superhorizon evolution of the potentials.
Parametrized
post-Friedmann
(PPF) approach: On
linear scales and for
adiabatic initial
conditions, any
theory of gravity can
be parameterized by
two free functions of
scale and time
[Eq. (36)], with an
additional constraint
on superhorizon
scales [Eq. (35)].
We now turn again to the subhorizon limit, and assume adiabatic initial conditions. In
the absence of preferred directions, we can parameterize the relation between δ, and Φ,Ψ
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−k2Ψ(k, t) = 3
2
Ωm(a)(aH)
2 µ(k, t)δ
Φ(k, t)
Ψ(k, t)
= γ(k, t) . (36)
These equations reduce to GR for µ = γ = 1. Given adiabatic initial conditions and assum-
ing the WEP, Φ, Ψ, δ are at linear order all related to the initial conditions (i.e., a single
stochastic variable) through transfer functions TΦ, TΨ, Tδ(k, t), so that µ ∼ (k/aH)2TΨ/Tδ
while γ = TΦ/TΨ. Moreover, for a local four-dimensional theory of gravity, Ti are func-
tions of k2 only, so that µ and γ reduce to rational functions of k2. If we further assume
that no higher than second derivatives appear in the equations for Φ, Ψ, then µ and γ are
completely described by five functions of time only (109)
µ(k, t) =
1 + p3(t)k
2
p4(t) + p5(t)k2
; γ(k, t) =
p1(t) + p2(t)k
2
1 + p3(t)k2
. (37)
Note that higher powers of k can appear in the equations for Φ, Ψ after integrating out
the additional d.o.f., even if the fundamental equations are all second order in derivatives.
Using suitable interpolation, these subhorizon limit results can be connected to superhorizon
scales in a parameterization that enforces Eq. (35) (107, 110, 111), which further reduces
the number of free functions. Finally, Refs. (23, 24) found that four free functions of time,
along with a free background expansion history, completely describe the linear growth of
perturbations for the Horndeski lagrangian Eq. (17).
While different equivalent parameterizations exist, the specific choice of µ and γ adopted
here is motivated by the fact that µ can be directly constrained by the growth of structure,
as Ψ is the potential governing the motion of matter. From Eq. (28), the growth equation
is modified to
δ¨(k, t) + 2Hδ˙(k, t) =
3
2
Ωm(a)H
2µ(k, t)δ(k, t) . (38)
That is, in MG, the linear growth is in general scale-(k-)dependent, unlike the quintessence
case or the case for DE with cs = 0. Measuring the growth history as a function of k and t
in principle allows for a measurement of µ(k, t).
On the other hand, γ, also referred to as gravitational slip, quantifies the departure
between the two spacetime potentials. The propagation of photons is, in the coordinate
frame Eq. (25), governed by the combination of potentials
Φγ =
1
2
(Ψ + Φ) =
1
2
(1 + γ)Ψ . (39)
This is in exact analogy to the γPPN parameter in the parameterized post-Newtonian (PPN)
framework (27), which is similarly constrained by combining photon propagation (Shapiro
delay) with dynamics (the Earth’s orbit). The fact that Solar System tests constrain |γPPN−
1| ∼< 10−5 clearly shows that a consistent modification of gravity in cosmology has to be
scale- or environment-dependent. Gravitational lensing observables in cosmology are then
approximately related to the matter density through the combination (1 + γ)µ of the MG
parameterization (see Sec. 4).
3.4.2. Scalar perturbations on nonlinear scales. The description of nonlinear structure for-
mation in the context of MG is complicated by the necessity of screening mechanisms. That
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is, while we can in principle extend the parameterization Eq. (36) to small, nonlinear scales,
this will in general violate Solar System constraints on gravity, which tightly constrain µ
and γ. The most interesting MG models can circumvent these constraints by employing
nonlinear screening mechanisms. By definition, they are not captured by a linear param-
eterization of the form Eq. (36). For this reason, cosmological constraints on MG from
nonlinear scales are generically model-dependent. In this context, it is useful to classify
models by their screening mechanism (Sec. 2.2.4).
In models of the chameleon or symmetron/dilaton type, a certain depth of the gravita-
tional potential is necessary to pull the field away from its background value ϕ¯ and activate
the screening mechanism. Specifically, if the Newtonian potential ΦN, which is the solution
of Eq. (26), satisfies −ΦN∼>Cϕ¯/MPl, then ϕ becomes locally suppressed compared to ϕ¯,
and the deep potential region is screened. The constant C depends on the model, but is
typically of order unity; for f(R) gravity, C = 3/2. In order for the Solar System to be
screened, Cϕ¯/MPl∼< 10−5, which can be shown to put an upper limit on the mass m¯ϕ  H
of the field in the background (112). The result is that viable models with this screening
mechanism only modify structure formation on scales below ∼ 30 Mpc.
This screening behavior further means that there will be a characteristic threshold halo
mass Mscr(ϕ¯), with halos above this mass being screened while halos below this threshold
are unscreened (since halo profiles are nearly universal, there is a well-defined mapping
between central potential and halo mass). This transition effect can be clearly seen in N-
body simulations of chameleon-type models; the left panel of Fig. 2 shows the gravitational
acceleration within dark matter halos in f(R) simulations which consistently include the
chameleon mechanism (113). Halos with a potential depth larger than the field value
−ΦN∼> 2|fR0|/3 become screened, while lower mass halos are unscreened. The lines show
the expectations based on a simple spherical model of the halos (114). The circled points
show halos that are screened due to the potential of a massive halo in the vicinity, rather
than their own potential well. Since unscreened halos accrete mass at a rate higher than in
GR, this transition effect is also manifested in the halo mass function (91). The halo of our
own galaxy has to be screened in order for a chameleon/symmetron model to satisfy Solar
System tests, so that these models can only be expected to show MG effects in lower mass
halos. This effect motivates the search for MG effects in nearby dwarf galaxies (Sec. 4.1.3).
We now turn to the Vainshtein screening mechanism; for simplicity we restrict to the
cubic Galileon interaction term [Eq. (18)]. In the case of spherical symmetry, the equation
of motion in the subhorizon limit can be integrated once to yield
dϕ
dr
∝ M(< r)
MPl r2
g
(
r
r∗(r)
)
where g(ξ) = ξ3
(√
1 + ξ−3 − 1
)
, (40)
where M(< r) is the mass (over the background density) enclosed within r. The scale
r∗(r) ∝ [M(< r)/MPlΛ3]1/3 is the r-dependent Vainshtein radius (this scaling also holds
for higher order galileon interactions). In the case of the DGP model, it is given by
r∗(r) =
[
16M(< r)r2c
9M2Plβ
2
]1/3
, β = 1± 2Hrc
[
1 +
H˙
3H2
]
. (41)
We see that dϕ/dr is suppressed compared to the Newtonian gradient MPl dΦN/dr for
r/r∗  1, where the quantity (r/r∗)3 is directly proportional to the inverse of the interior
density ρ−1(< r). That is, Vainshtein screening occurs at fixed interior density, in contrast
to the chameleon type which occurs at fixed mass. The threshold density for screening is
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Figure 2
Mean mass-weighted gravitational acceleration (relative to GR) g¯ within dark matter halos, as
measured in MG simulations for f(R) (left panel), corresponding to chameleon screening, and
DGP (right panel), showing Vainshtein screening. The ratio of dynamical to lensing mass of these
halos is given by MD/ML = g¯3/5 (Sec. 4.5). This can be probed by comparing dynamical mass
estimates of galaxy clusters with their gravitational lensing signal (Sec. 4.1.2). The f(R) model is
of Hu-Sawicki type (38) [Eq. (16)]. “sDGP” corresponds to the self-accelerating branch where
gravity is weakened, while the “nDGP” models show normal-branch DGP with a quintessence
component added to produce an expansion history identical to ΛCDM [(115); with
rc = 500, 3000 Mpc for nDGP-1, nDGP-2, respectively]. Reproduced from (114).
of order the background matter density today for natural model parameters (in the case
of DGP, rc ∼ H−10 ). For nonlinear LSS, this leads to a qualitatively different behavior
compared to the chameleon case (right panel of Fig. 2): halos of all masses are screened
within a fixed fraction of their scale radius. Thus, Solar System constraints do not force us
to look to certain types of objects for interesting signatures of Vainshtein-type models.
3.4.3. Tensor perturbations. Besides modifying the scalar perturbations, MG in general also
alters the propagation of tensor modes. More specifically, a running of the gravitational
coupling causes a change in the decay of the gravitational wave amplitude in an expanding
universe. Further, the G4 and G5 terms of a Horndeski scalar-tensor theory alter the
propagation speed of tensor modes (23, 116).
4. COSMOLOGICAL TESTS
In this section, we provide an overview of the observables and experimental methods that
are used to probe gravity and DE on cosmological scales.
4.1. Observables
MG and dynamical DE models in general change the background expansion history of
our Universe with respect to ΛCDM. The predicted deviation can be tested by measuring
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Figure 3
Current and forecasted constraints on f(R) gravity, in particular the parameter fR0 of the
Hu-Sawicki model [Eq. (16)], and potentials tested (reproduced from (117)). Linear constraints:
ISW and galaxy-ISW cross correlations (118); CMB lensing (119), the EG probe (120), and power
spectrum constraints from galaxy clustering, redshift-space distortions, and weak gravitational
lensing (121). Nonlinear constraints: cluster abundance (118, 122, 123); cluster density
profiles (117); and the comparison of cluster gas and weak lensing measurements (124). Also
indicated are the currently tightest constraints on |fR0| from Solar System tests (38) and distance
indicators in isolated dwarf galaxies (125). Future cosmological surveys measuring the power
spectrum P (k < 0.3 h/Mpc) in unscreened regions at the 1% level will be able to outperform the
astrophysical constraints (126).
distances to astronomical objects and cosmic “standard rulers.” We refer to these mea-
surements as geometric probes. Comparing, for instance, the magnitudes of high-redshift
to low-redshift Type Ia supernovae, serving as standard candles, yields a measurement of
the evolution of the luminosity distance dL(z) = (1 + z)r(z), where r(z) ≡ (1 + z)dA(z)
is the comoving angular diameter distance. For a spatially flat universe, r(z) is simply
the comoving radial distance χ(z) =
∫ z
0
dz′/H(z′). This is a relative distance measure-
ment, although calibration with the low-redshift “distance ladder” also yields an abso-
lute distance measurement. Observations of Cepheid stars in supernovae host galaxies
yield H0 = (73.8 ± 2.4) km/s/Mpc (127) for the Hubble constant today. Measurements
of the acoustic peaks in the cosmic microwave background (CMB), and their imprint on
large-scale structure—the baryon acoustic oscillations (BAO) feature observed in galaxy
clustering—serve as a standard ruler, and provide complementary information about the
absolute distance scale to z∼> 0.1. These geometric probes together with recent Planck
measurements constrain a constant DE equation of state in a spatially flat universe at
w = −1.006± 0.045 (128), consistent with the CC in ΛCDM.
When DE is evolving or gravity is modified, this also leaves imprints in the formation
of the large-scale structure as can be seen from Eq. (28). MG models can match the
ΛCDM expansion history at an observationally indistinguishable level while in comparison,
the growth of cosmic structure may still be significantly modified, rendering the latter
a vital probe for MG. Nonetheless, geometric probes provide important constraints on
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Table 1 Current observational constraints on modified gravity models.
Screening Representative Linear cosmology Nonlinear Sub-Mpc
mechanism model cosmology
Chameleon f(R) gravitya) |fR0| ∼< 10−4 |fR0| ∼< 10−5 |fR0| ∼< (10−7 − 10−6)
Symmetron Eq. (13)b) — — χ∼< (10−7 − 10−6)
Vainshtein nDGPc) H0rc & (0.1− 1) H0rc & 0.1 H0rc & 10−4
Vainshtein cubic galileond) incompatible ISW incomp. voids compatible
a)(38, 121, 123–125); b)(30, 125), for χ ≡ M2/(2M2Pl) = µ/(2gMPl
√
Λ) and coupling set to g = 1; note
that cosmology constraints on this model have not been derived so far; c)(6, 129–132); d)(47, 133, 134),
note that the quartic and quintic galileons are tightly constrained by measurements of the speed of
gravitational waves (Sec. 4.1.2).
cosmological parameters which limit degeneracies in growth of structure constraints. In
the following, we review some of the important observables of cosmological structures that
are used to test MG and DE. In Fig. 3 we summarize some of the cosmological constraints
that have been inferred on f(R) gravity, which shall serve here as a representative for
typical MG models that has also been particularly well tested. We show the range of
scales covered by different cosmological observables, and also indicate which of the metric
potentials in Eq. (25) they probe. In Table 1, we furthermore provide a summary of the
current observational constraints on the modified gravity models discussed in Sec. 2.
4.1.1. Cosmic microwave background. The CMB radiation is the primary observable for
obtaining information about our cosmos. Of particular importance for DE and MG are
constraints on the amplitude and adiabaticity of initial perturbations. However, late-time
modifications manifest themselves in the CMB temperature and polarization only via sec-
ondary anisotropies. The presence of DE or a CC gives rise to the integrated Sachs-Wolfe
(ISW) (135) effect, a fluctuation in the temperature field at the largest scales due to the
change in energy of the CMB photons ∝ Φ˙γ when traversing the evolving metric potentials.
This effect is modified in alternative theories of gravity or dynamical DE as can be seen
from Eq. (36). A related secondary anisotropy in the CMB is due to the depths of the
potentials Φγ which determine the weak gravitational lensing (WL) of the CMB photons
by the cosmological structure between the observer and the last-scattering surface. The di-
rections of the observed CMB photons are displaced by the lensing deflection angle d. The
effect is often described by the convergence field κ =∇θ · d, where ∇θ is the gradient op-
erator on the sphere. On smaller angular scales, the Sunyaev-Zel’dovich (SZ) effect, caused
by the energy gain of CMB photons by collisions with electrons in the post-reionization
universe, provides a complementary signature that probes gravitationally induced motion
of matter, and hence the dynamical potential Ψ rather than the lensing potential Φγ . The
fairly small kinetic SZ effect (136) measures the line-of-sight component of the large-scale
electron momentum density. The larger thermal SZ effect (137) is induced by virialized
structures (Sec. 4.1.2). In order to extract these late-time signatures, it can also be useful
to consider their cross correlation with the foreground structure.
CMB: cosmic
microwave
background
BAO: baryon
acoustic oscillations
ISW: integrated
Sachs-Wolfe effect
SZ:
Sunyaev-Zel’dovich
effect
WL: Weak
gravitational lensing
RSD: redshift-space
distortions
At linear order, the ISW temperature fluctuation, the WL convergence, and galaxy
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density perturbation are given as functions of the position on the sky θˆ by
∆TISW(θˆ) = −2
∫ χ∗
0
dχ
dt
dχ ∂
∂t
Φγ(χθˆ, χ) , (42)
κ(θˆ) =
∫ χ∗
0
dχ
χ∗ − χ
χ∗χ
∇2θΦγ(χθˆ, χ) , (43)
g(θˆ) =
∫ χ∗
0
dχ
dz
dχ
b(z)Π(z)δ(χθˆ, χ) , (44)
respectively, where χ∗ denotes the conformal radial distance to the last-scattering surface,
the galaxy bias b is scale-independent but dependent on redshift, and Π is a normalized
selection function. For multipoles `∼> 10, one can employ the subhorizon limit and Limber
approximation to write the angular cross-power spectra of these quantities as
CXY` =
∫
dz
H(z)
χ2(z)
[FX(k, z)FY (k, z)P (k)]|k=`/χ(z) , where (45)
FISW(k, z) ≡ TCMB 3H
2
0 Ωm,0
k2
∂
∂z
G(k, z)
Fg(k, z) ≡ b(z)Π(z)D(k, z)
Fκ(k, z) ≡ 3H
2
0 Ωm,0
2H(z)
χ(χ∗ − χ)
χ∗
G(k, z) , and
G(k, z) ≡ 1
2
[1 + γ(k, z)]µ(k, z)(1 + z)D(k, z) .
Here we have used Eq. (36), defined D(z, k) ≡ δ(z, k)/δ(0, k) as the scale-dependent growth
factor, and denoted P (k) ≡ P (k, z = 0) as the matter power spectrum today.
4.1.2. Large-scale structure. The bulk of cosmological information on dynamical DE and
MG is contained in the three-dimensional large-scale structure at low redshifts z∼< 5. Galaxy
shape correlations probe the lensing potential Φγ via WL, specifically the convergence κ
[Eq. (43), with χ∗ replaced with the comoving distance to the source galaxies]. Similarly,
angular correlations of galaxies in redshift slices probe the matter power spectrum on large
scales [Eq. (45)]. Further, the 3-dimensional power spectrum of galaxies with spectroscopic
redshifts traces the underlying distribution of matter on large scales (k  0.1hMpc−1) via
Pg(k, z) = b
2(z)P (k, z) + 2b(z) kˆ2‖Pδθ(k, z) + kˆ
4
‖Pθθ(k, z) , (46)
where kˆ‖ is the cosine of k with the line-of-sight. The peculiar motion of galaxies leads
to the terms involving the cross- and auto-correlation of the matter velocity divergence θ
[redshift-space distortions (RSD) (138)], which can be used to measure the growth rate of
structure f ≡ d lnD/d ln a. Note that the galaxy bias b cannot be predicted from first
principles, and must be constrained using lensing or marginalized over (see Sec. 4.5).
The bulk of
information in
large-scale structure
is on nonlinear
scales. Upcoming
surveys will measure
statistics of galaxy
counts and lensing
with high
signal-to-noise out
to wavenumbers
k > 1hMpc−1,
while structure
becomes nonlinear
at k∼> 0.1hMpc−1
(depending on
redshift).
The statistics of matter and Φγ can be measured well into the nonlinear regime through
galaxy clustering and WL, where Eqs. (45)–(46) are no longer correct. Nonlinear effects
become important on scales of k∼> 0.1hMpc−1 (depending on redshift), and potentially
even larger scales in MG. The interpretation of measurements in the nonlinear regime is
complicated by nonlinear gravitational evolution, baryonic feedback effects and screening
in MG. Lacking a fundamental description of the nonlinear structure for general DE and
MG theories, observational tests have therefore been limited to specific models.
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A further, fully nonlinear probe is the abundance of galaxy clusters, governed by the halo
abundance dn/d lnM [Eq. (29)], which yields tight constraints on the allowed deviations
from ΛCDM (122) (Fig. 3); their density profiles have also been used to probe MG (117).
Clusters can be identified via their galaxy content, X-ray emission, or SZ signal. A crucial
ingredient for cosmological constraints is the relation between observable and halo mass.
This can be determined through gravitational lensing of background galaxies or the CMB,
which yields the lensing mass ML(< r) ∝ r2∇Φγ(r). The gas temperature Tgas and pressure
Pgas profiles measured in X-rays and SZ (where SZ only measures the latter) yield estimates
of the dynamical mass MD(< r) ∝ r2∇Ψ(r). For this, one assumes hydrostatic equilibrium,
which in GR yields
1
ρgas
dPgas(r)
dr
= −GMD(r)
r2
, (47)
where for thermal pressure Pgas ∝ ρgasTgas ∝ Pe. The dominant systematic uncertainty
in MD from these measurements are due to the poorly known nonthermal pressure com-
ponents. Similarly, the velocity dispersion of galaxies within clusters probes MD, although
the interpretation is hampered by uncertainties in the velocity bias of galaxies. This uncer-
tainty becomes smaller on larger scales, where galaxies exhibit coherent inflow motion onto
clusters (139, 140).
As pointed out in Sec. 3.4, a difference between ML and MD is generic to MG. Along
with the screening effects discussed in Sec. 3.4.2, this clearly needs to be taken into account
when constraining MG using cluster abundance. The discrepancy can also be used as probe
of MG itself (see Sec. 4.5). The screening of MG effects in dense regions motivates the use
of abundance, clustering, and profiles of underdense regions (voids) as MG probe (86).
Finally, with the advent of gravitational wave astronomy demonstrated with the first
detection from aLIGO (141), as well as aVIRGO and eLISA in the future, it will become
feasible to test the modifications in the propagation of gravitational waves described in
Sec. 3.4.3 (see also (142)). In particular, a direct comparison of the arrival times between
gravitational waves and the electromagnetic signal from a reliably identified counterpart
will place tight constraints on deviations between the propagation speed of tensor modes
and the speed of light. Further, tight constraints on the G4 and G5 terms of Horndeski
gravity (143) are placed by binary pulsar timing, as these are not screened by the Vainshtein
mechanism (assuming no additional screening mechanism is active).
4.1.3. Sub-megaparsec scales. While small scales lie beyond the scope of this review, it
is worth mentioning that besides the Solar System constraints, the tightest bounds on
chameleon and symmetron modifications are currently inferred from stellar distance in-
dicators (standard candles) in nearby dwarf galaxies residing in a low-density region of
space (125). This test uses the combination of red giant stars which are expected to be
screened, with Cepheids whose pulsating envelopes are still unscreened. The difference in
screening introduces a systematic deviation between the distances inferred. These con-
straints depend crucially on a correct identification of unscreened environment of these
stars, obtained from a reconstruction of the local density field.
4.2. Consistency Tests: Geometry and Growth
The most common approach to obtain cosmological constraints on DE is to combine various
geometric probes of the expansion history and observations of the growth of structure to
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Figure 4
Summary of the various types of cosmological tests and their implications we discuss
in Sec. 4.2–4.5. Detection of deviations from ΛCDM phenomenology in these four classes of tests
imply different physics beyond the standard cosmology, as indicated by arrows.
obtain joint constraints on the DE equation of state w. Since only quintessence unambigu-
ously predicts the growth factor D(a) once the expansion history is fixed, these constraints
only apply to this type of DE. Moreover, as discussed in Sec. 2.1, a constant w 6= −1 is not
necessarily a good assumption, so that a more general parameterization (144, 145)
w(t) = w0 + wa[1− a(t)] (48)
is often adopted. Any observational sign for w 6= −1 or wa 6= 0 would be evidence against
ΛCDM. In order to test for evidence beyond quintessence, Ref. (146) proposed extending
this parameterization by a parameter γ˜, motivated by the fact that the growth factor in
a variety of quintessence models satisfies f = d lnD(a)/d ln a = Ωm(a)
γ˜ , where γ˜ ≈ 0.55.
Thus, finding γ˜ 6= 0.55 would imply clustering DE, MG, or an interacting dark sector (see
also (147)). Refs. (148, 149) devised more general consistency tests between geometry and
growth (see Fig. 4).
Combined
constraints on the
equation of state w
from geometry and
growth assume
quintessence-type
DE.
While the consistency tests are model-independent, it is generally not true that find-
ings consistent with ΛCDM rule out any modification of the concordance model, as these
parameters do not encompass the entire space of possible DE and MG models. Further,
it is not straightforward to turn a constraint on γ˜ into a constraint on a given MG or
non-quintessence DE model, as the parameterization is based on linear subhorizon scales;
even if the constraint can be mapped onto a model parameter, it will generally not be an
optimal constraint.
4.3. Parameterized Tests of Gravity
We can improve several of the disadvantages of the consistency tests discussed above by
adopting the more physical parameterization introduced in Eq. (36), which incorporates
physical constraints such as mass and momentum conservation. Quintessence models cor-
respond to µ = γ = 1, while clustering DE can be captured by γ = 1 and µ ∝ 1 + w. Note
however that this parameterization is still restricted to linear scales.
Without further constraints, this parameterization involves two free functions of both
time and scale. Ref. (150) performed a principal component analysis (PCA), for bins in k
and z, of µ and γ to determine how well the data can constrain the eigenmodes of µ, γ along
with redshift bins in w(a). They found that the future LSST survey will be able to constrain
the best 10 eigenmodes in µ and γ to ∼3% and ∼10%, respectively. While PCA is useful to
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address the possible modifications in full generality, it may allow for too much freedom to
detect a well-defined deviation predicted by a particular clustering DE or MG model. As
discussed in Sec. 3.4.1, assumptions such as at most second-order derivatives or a Horndeski
lagrangian allow us to significantly reduce the freedom in the parameterization, e.g., leading
to Eq. (37). One might further expect the modifications to scale as the effective DE density
ΩDE = 1 − ΩK − Ωm, providing an even more restrictive parameterization of the five
functions p1−5(t) = pi,0ΩDE(t)
/
ΩDE,0. Moreover, it can be argued that if the gravitational
modifications are to drive cosmic acceleration, then any scale appearing in the equations
should be of order the Hubble scale today. Then, µ and γ are completely determined by one
function of time each on subhorizon scales k  aH. Hence, this motivates the restriction
of cosmological tests of µ and γ to the two constants p3,0/p5,0 and p2,0/p3,0. Note that this
last restriction fails to capture f(R) and other chameleon/symmetron models.
The main caveat to this type of parameterization is that it is limited to linear scales.
While more parameters can be introduced to model a screening-induced suppression of
µ, γ on nonlinear scales, this clearly does not realistically model the intrinsically nonlinear
screening effects. Finally, even on linear scales, constraints on µ, γ are weakened when
allowing for other non-standard ingredients, as we will discuss in the following.
4.4. Cosmic Degeneracies
When comparing theoretical predictions of DE and MG models against cosmological obser-
vations, it is important to discriminate the effects from other signatures of new fundamen-
tal physics and complex nonlinear processes. In particular, massive neutrinos or baryonic
feedback effects can compensate for the effects of an enhanced growth of structure in the
power spectrum or the halo mass function (151, 152). Similar effects can be produced by
non-Gaussian initial conditions. It has also been pointed out that Horndeski scalar-tensor
modifications are endowed with sufficient freedom to allow the recovery of the background
expansion history and linear large-scale structure of a ΛCDM universe (153) (though these
models require some finetuning), which limits a fundamental discrimination between MG
and DE or a CC based on cosmological structure on large scales. Importantly, the modi-
fied propagation of tensor modes (Sec. 3.4.3) allows these models to be distinguished from
ΛCDM.
4.5. Targeted Tests
In order to avoid known and unknown degeneracies, it is desirable to devise tests specifically
targeting the distinction between DE and MG that we have introduced in Sec. 2.3. More
precisely, we would like to devise tests that constrain a universally coupled fifth force. The
most promising such test uses the generically predicted difference between dynamical (Ψ)
and lensing (Φγ) signatures. In the absence of a fifth force, this difference could only be
sourced through a large anisotropic stress in the dark sector, which is difficult to obtain
(Sec. 3.3).
On subhorizon linear scales such a test can be performed by combining the cross-
correlation between foreground galaxies and lensing, Pg(∇2Φγ) and the galaxy density-
velocity cross correlation Pgθ of the same population of galaxies. The latter can be extracted
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from the three-dimensional clustering [Eq. (46)]. The ratio (154)
EG ≡
Pg(∇2Φγ)
Pgθ
' 1
2
(1 + γ)µ
Ωm
f
(49)
cancels the linear galaxy bias and isolates a combination of the µ and γ parameters that
are induced by fifth forces, providing a robust test of gravity on linear scales. Note that f
depends on µ as well.
There exists a
combination of
galaxy–lensing and
galaxy–velocity cross
correlations, EG,
that is sensitive to a
fifth force while
canceling the
unknown galaxy bias
[Eq. (49)].
On smaller, mildly nonlinear scales, another comparison between dynamics and lensing
is possible by using the infall of galaxies onto massive clusters (139, 140). WL around clus-
ters constrains the spherically averaged profile of Φγ . The two-dimensional cross-correlation
between galaxies and clusters on scales ∼ 5− 20 Mpc, which measures a projection of the
galaxy phase space, contains information on the infall velocity and thus Ψ. This probe
goes beyond EG in that it is not restricted to linear scales. However, effects such as a
bias between galaxy velocities and those of the underlying matter distribution need to be
carefully controlled.
On even smaller scales, one can compare the lensing mass ML with the dynamical mass
MD of clusters (measured using X-ray or SZ, Sec. 4.1.2) or galaxies (measured using stellar
velocities). If γ is scale-independent and in the absence of screening, MD/ML = (1 + γ)
3/5
for virialized objects (114). For viable models however, taking into account screening is
essential (114, 124) (see also Fig. 2).
5. OUTLOOK
We have provided a brief overview of different physical mechanisms to explain the acceler-
ated expansion of the universe, and introduced theoretical and phenomenological distinc-
tions between the two scenarios of DE and MG. In the next 15 years, large-scale structure
and CMB surveys (AdvACT, eBOSS, DES, DESI, Euclid, HSC/PFS, LSST, POLARBEAR,
SPT-3G, WFIRST and others) have the potential to constrain dynamical DE and departures
from GR at the few percent level. This will either rule out a large swath of the interesting
parameter space of DE and MG models, or yield another breakthrough in cosmology with
the detection of departures from ΛCDM. Thus, this area of cosmology is certain to yield
interesting results in the near future.
SUMMARY POINTS
1. The weak and strong equivalence principles provide a means to rigorously distin-
guish DE, MG, and an interacting dark sector at the theory level (see the flowchart
on p. 11).
2. Quintessence DE is completely characterized by its equation of state w(t). DE
physics beyond a canonical scalar field can be probed by searching for an inconsis-
tency between geometry H(z) and growth δ(k, z) (Fig. 4).
3. At the phenomenological level, MG can be probed by searching for fifth forces via
comparison of dynamics with lensing or targeting screening effects (Fig. 2). These
signatures are very difficult to mimic with DE.
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